We report the dispersion and scanning tunneling microscopy (STM) characterization of isolated Au-CdSe nanohybrids on atomically flat Au(111) through surface modifications. The top terminal groups of spacer molecules self-assembled on the surface are found critical for locking the nanohybrids into a well-separated state. The STM results indicate that both thiol and carboxylic terminals are effective in this aspect by making strong interaction with the Au portions of the nanohybrids. An argon ion sputtering technique is also proposed to clean up organic contaminants on the surface for improved STM imaging of individual Au-CdSe nanohybrids. These observations help to enrich technical approaches to dispersing individual nanostructures on the surface and provide opportunities to explore their local electroluminescent and energy transfer properties at the nanoscale.
I. INTRODUCTION
Metal-semiconductor hybrid nanostructures not only possess complementary optical properties of metal and semiconductor nanostructures, but also offer new synergistic functions that originate from the coupling between the dielectric-confined surface plasmons (SPs) of the metallic nanoparticles (NPs) and the quantumconfined excitons of the semiconductor quantum dots (QDs) [1, 2] . These unique properties, together with their flexible tuning by the size and shape of nanostructures, enable them to become attractive building blocks for photovoltaic and photocatalytic applications [1−3] . But to tune and utilize these functions for photonic applications, it is important to understand the charge and energy transfer behavior of these nanohybrids at the nanoscale. Single-nanostructure studies by local probes such as scanning tunneling microscope induced luminescence (STML) represent one promising approach to attain this end, since the STML technique uses highly localized tunneling electrons as an excitation source for light emission and can provide combined topographic and optical information of individual nanostructures [4−7] . However, previous optical studies on hybrid nanostructures focused mainly on the solution ensembles consisting of large amounts of particle numbers [1, 2, 8, 9] . Reports on individual nanohybrids are very rare, amounting to mainly the electrical and charging * Authors to whom correspondence should be addressed. E-mail: liaoyuan@ustc.edu.cn, zcdong@ustc.edu.cn, FAX: +86-551-3600103 measurements of gold-tipped CdSe nanorods by scanning tunneling microscopy (STM) [10] and electrostatic force microscopy [11] and the photoluminescence (PL) studies of artificial hybrid nanostructures of Au NPs and CdSe/ZnS QDs manipulated by atomic force microscopy (AFM) [12, 13] . The nanoscale energy transfer of individual directly-coupled Au NP-CdSe QD heterostructures remains to be explored. Nevertheless, it should be noted that a number of reports have been documented in the literature regarding tunneling electron induced luminescence from isolated metal NPs [14−18] or semiconductor QDs [19−22] .
In this work, as the first step of an effort to investigate the nanoscale energy transfer of directly bonded Au-CdSe nanohybrids (NHs) by the STML, we report the dispersion of these nanohybrids on the atomically flat Au(111) surface and related STM characterizations. In contrast to the simple deposition of nanostructures on carbon films for transmission electron microscopy (TEM) characterizations or on oxide surfaces for AFM characterizations [23] , it is not trivial to disperse such relatively large metal-semiconductor nanostructures on atomically flat surfaces that allows for clear STM imaging and STML studies, because surface contamination from the solution, particle aggregation, and large corrugation variation all tend to modify or even destroy the tip condition [24] . In this work, through selecting appropriate spacer layers, octanedithiol (ODT) and 16-mercaptohexa-docanoic acid (MHA), with the thiol end bonded to the Au surface and the other thiol or carboxylic terminal attached to the Au-CdSe nanohybrids via either bonding or electrostatic attraction, we succeeded in dispersing the NHs on the coated Au(111) substrate. Further surface cleaning by argon ion sput- tering in ultrahigh vacuum (UHV) allows for relatively clear STM imaging of these NHs on the surface and also for preliminary STML studies.
II. EXPERIMENTS
Directly coupled Au-CdSe NHs were synthesized through the nucleation and growth of Au(I) ions on CdSe QD seeds according to the method reported by Zeng and coworkers [1, 9] . After centrifugation and decantation for 3 times, the NH precipitate was dissolved in toluene and used for subsequent TEM and AFM characterizations. The NH dispersion was carried out by dipping the toluene solution of NHs onto the ODT or MHA coated Au(111) substrate, which was fabricated previously through self-assembling of spacer molecules on Au(111). The samples were then introduced into the vacuum chamber and cleaned by argon ion sputtering to remove the surface contaminants (argon gas pressure ∼2 mPa, sputtering voltage ∼0.5 kV, ion beam current ∼0.3 µA, sputtering time ∼6 min).
TEM images were obtained with a JEOL 2010 highresolution electron microscope operated at an accelerating voltage of 200 kV. The AFM measurements were made on a NH sample dispersed onto an oxide-covered Si substrate using a DI-Multimode SPM (Veeko). All STM measurements were performed at room temperature under the constant current topographic mode with the sample biased, using either a DI-SPM in air (Nanoscope IIIa, Veeko) or a customer-designed STM system in UHV (Unisoku) equipped with photon collectors and detectors.
III. RESULTS AND DISCUSSION
Figure 1(a) shows the TEM images of the Au-CdSe NH sample that were used for subsequent dispersion. The high-resolution image in the inset exhibits no spacing between Au NPs and CdSe QDs, which indicates that the constituent Au and CdSe portions are directly bonded without linker molecules in-between. The average length of the NHs is ∼7 nm, with ∼4 nm for the constituent CdSe QDs and ∼3 nm for the Au NPs. Note that there are still a small amount of CdSe QDs in the sample due to slightly insufficient Au precursors that were added during synthesis [1] . The structure and size information of the Au-CdSe NHs was also confirmed by the AFM measurements for the NHs deposited on a native oxide covered Si substrate, as shown in Fig.1(b) for the topograph and Fig.1(c) for the phase image, respectively. The NH size obtained from the AFM image is slightly larger than that from the TEM data due to the tip convolution effect. The phase image, sensitive to both mechanical and chemical properties of the sample [11, 25] , shows clear phase contrasts for the two constituent materials, with the dark portion corresponding to the Au NPs and the bright portion to the CdSe QDs.
However, the insulating behavior of the native oxide layer on the Si substrate is not suitable for the STML studies of the NHs due to the requirement of tunneling electron flow. To perform STM and STML studies, one has to disperse the NHs on a conducting substrate. The Au(111) surface was selected because it is chemically inert (or stable in air), atomically flat, and easy to prepare. Nevertheless, the uniform dispersion of isolated NHs on Au(111) was not an easy task. Previous works on the direct dispersion of nanostructures on Au(111) show the aggregation of nanostructures [26] . Surface modifications are needed on one hand to prevent the nanostructures from sticking together. On the other hand, inserting a spacer layer in-between the nanostructure and metal substrate will also help to block the direct charge transfering from the nanostructure to the substrate, facilitating the investigation of the emission and energy transfer within individual nanostructures. To achieve these goals, the design and selection of the spacer functions are important for the dispersion control. Figure 2 shows an STM im- 
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Au (111) age that uses a monothiol (i.e., octanethiol) molecule as a spacer. Although the octanethiols form relatively ordered self-assembled monolayers (SAMs) through their thiol terminals bonded to the Au substrate (inset of Fig.2) , the Au-CdSe NHs on the SAMs are strongly aggregated due to the weak interaction between the top alkane terminals and the NHs. In order to achieve well-separated dispersion of individual NHs on the surface, the top terminal group of spacer molecules must have certain sticking ability that can hold the individual NHs and prevent them from moving around. In the present work, we implant such idea either by making bonding interaction with the NHs using dithiol molecules such as ODT or through electrostatic attraction to grasp the NHs using spacer molecules containing carboxylic groups such as MHA. As shown in Fig.3 (a) and (b) , the dithiol molecule has one thiol group on each end, and can not only anchor to the substrate forming an ordered SAM, but also bind to the Au portions of NHs. The STM image in Fig.3(c) indicates that the majority NHs are indeed well dispersed on the dithiol-SAM surface in an isolated state. Nevertheless, there still exists small amount of aggregation of NHs, which could cause the change of tip status during scanning, as shown by the scratch line in Fig.3(c) .
The MHA molecule has proven to be a good spacer for the relatively uniform dispersion of the Au-CdSe NHs as well. As shown in Fig.4 (a) and (b), the thiol terminals of the MHA is bonded to the Au substrate as in the dithiols above, while the carboxylic terminals clings to the Au-CdSe NHs through electrostatic attraction [24, 27, 28] . However, the UHV STM imaging of the as-prepared NH sample via dipping suffers from serious scratching problem probably due to organic contaminants on the surface and even coating agents of the NHs (Fig.4(d) ). The tip status can be easily changed, making it difficult to get good STM images. In order to improve the imaging quality for subsequent STML studies, an ion sputtering technique was used for cleaning up the contaminants via the highenergy polishing of an ion beam toward the surface [24] . However, the sputtering condition has to be carefully controlled so that the contaminants can be wiped off while the majority of the NHs can still remain on the surface. The sputtering parameters we optimized for the present system were as follows: argon gas pressure ∼2 mPa, sputtering voltage ∼0.5 kV, ion beam current ∼0.3 µA, and sputtering time ∼6 min. Figure 4 (e) shows an STM image after such cleaning procedure. The imaging quality is evidently improved, with the longer features (marked in the white arrow) corresponding to individual Au-CdSe NHs. The smaller features (marked by the black arrow) are considered to be mostly isolated CdSe QDs that pre-exist in the as-prepared sample, although a small amount of isolated Au NPs may appear due to the damage of NHs by the sputtering. The size of the NHs (∼20 nm) measured from the STM topograph is larger than that from the TEM data owing to both the tip convolution effect and the thermal drift of the room-temperature UHV-STM system used. The density of NHs on the surface can be controlled by the amount of dipping solution.
Preliminary STML studies on the individual AuCdSe NHs tend to indicate plasmonic emissions from the Au portion, no matter what position the tip is located, on either the Au or CdSe portion of a NH. Such spectral feature implies the possible occurrence of energy transfer from the CdSe QD to the Au NP during the electron excitation by STM. Further site-dependent STML research will help to clarify the luminescence and energy transfer phenomena by using a low-temperature STM that could offer better thermal stability and higher photon collection and detection efficiencies.
IV. CONCLUSION
We have succeeded in dispersing isolated Au-CdSe nanohybrids on Au(111) through the selection of spacer molecules that can anchor to the substrate and also grab the NHs on top via bonding or electrostatic attraction. Surface cleaning in UHV by argon ion sputtering has proven effective in improving imaging quality and enabling subsequent STM and STML studies. These results help to enrich technical approaches to dispersing nanostructures on the surface and can open up routes to the investigation of local electro-optic and energy transfer properties of individual nanostructures.
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